Physically-based ground-penetrating radar (GPR) data processing is essential for quantitative characterization of soils and materials. A novel near-field GPR antenna model coupled with layered media Green's functions was used to investigate the effect of antenna-medium coupling in the analysis of GPR data. The radar antennas are modelled using an equivalent set of infinitesimal electric dipoles and characteristic, frequency-dependent, global reflection and transmission coefficients. These coefficients determine through plane wave decomposition, wave propagation between the radar reference plane, point sources and field points. We calibrated an actual commercial 400 MHz time-domain antenna, from which synthetic GPR data sets were generated. We observed that, depending on the model configuration, antenna effects may affect the topography of the objective function in full-waveform inverse problems. In addition, antenna-medium coupling has a significant impact on the medium surface reflection, whether in terms of amplitude or propagation time (which usually defines the so-called time zero). We also showed that an effective source cannot be used for simulating near-field radar data as the antenna-medium coupling strongly depends on medium properties. In this respect, numerical experiments demonstrated promising perspectives for simultaneous estimates of medium permittivity and conductivity from antenna-medium coupling.
INTRODUCTION
Near-field ground-penetrating radar (GPR) techniques for nondestructive imaging and characterization of materials have been subject to intensive research for many years . A major shortcoming in current knowledge is the modelling of the radar signal, which is necessary for quantitative reconstruction using inversion. Existing GPR data processing techniques usually rely on strongly simplifying assumptions and in particular, neglect antenna effects that include frequency-dependent radiation pattern, gain, phase delay, mutual coupling and coupling with the medium of interest. As a result, current full-waveform inversion schemes still suffer from strong limitations with respect to quantitative retrieval due to the unavailability of correct and efficient electromagnetic models.
Antennas can be modelled using numerical approaches, such as the finite-difference time-domain (FDTD) method (Warren and Giannopoulos 2011; Meles et al. 2011) , finite element method (FEM) (Ilic et al. 2009 ), or the method of moments (MoM) (Craeye et al. 2009 ). Yet, numerical approaches need significant computing resources and suffer from inherent differences between real and conceptualized antenna models. For consider for the point sources and receivers depends on the complexity of the scattered field distribution, which is intrinsically decomposed into a number of plane waves. Although mutual coupling between the transmitting and receiving antennas is not explicitly included in the proposed model, it can be shown that it is implicitly accounted for thanks to the linearity of Maxwell's equations. The antenna model can be formulated in a closed form in the frequency domain as follows (Lambot and André 2012) : (1) with (2) and (3) where S(ω) denotes the radar signal expressed here as the ratio between the backscattered field b(ω) and incident field a(ω) at the radar transmission line reference plane, ω being the angular frequency, T 0 (ω) is the global transmission or reflection coefficient of the antenna in free space (referred to by subscript 0) for non-zero or zero-offset source-receiver, respectively, T s,. (ω) is the global transmission coefficient for fields incident from a field point onto the radar reference plane, T i,. (ω) is the global transmission coefficient for fields incident from the radar reference plane onto a point source, R s,. (ω) is the global reflection coefficient for the field incident from the layered medium onto a field point, I N is the N-order identity matrix and superscript H denotes the Hermitian (conjugate transpose). The quantities G .. (ω) and are, respectively, the layered medium Green's functions for fields incident from the source points onto the field points and from the field points onto the field points themselves. The Green's functions and the global reflection and transmission coefficients are complex valued and frequency dependent. The number of source and field points to consider depends on the complexity of the backscattered field distribution over the antenna aperture and represents the order of the plane wave decomposition, which can remain limited (e.g., <10) in practice for the particular case of wave propagation in layered media. For far-field conditions, this number can be reduced to 1 and equation (1) reduces to the farfield radar model of Lambot et al. (2004) . Finally, it is noted that because Maxwell's equations formulate the field strengths linearly proportional to the source strength, the global reflection and For the particular case of far-field GPR with applications to planar layered media, Lambot et al. (2004) proposed a closedform, frequency-domain, radar equation that simultaneously accounts for (1) all antenna effects through frequency-dependent global reflection and transmission coefficients and (2) wave propagation in layered media through 3D Green's functions. This integrated model relies on the assumption that the spatial distribution of the backscattered field tends to a plane wave over the antenna aperture. A high level of accuracy was reached for describing radar data and retrieving the medium electrical properties in a series of hydrogeophysical and engineering applications (Lambot et al. 2004; Minet et al. 2010; Soldovieri et al. 2011; Patriarca et al. 2011) . In addition, the validity of this model being theoretically independent of frequency, the approach also applies to electromagnetic induction (Moghadas et al. 2010) . More recently, this far-field model was generalized to near-field conditions through a plane wave decomposition, thereby providing, to the best of our knowledge, one of the most effective and accurate ways to model radar data for the particular case of wave propagation in layered media (Lambot and André 2012) ('Method and device for characterization of physical properties of a target volume by electromagnetic inspection' by S. Lambot, EU Patent Application N°11160917.8 -2213).
In this paper, this novel near-field radar model was coupled with layered media Green's functions to investigate the effect of antenna-medium coupling in the analysis of GPR data. A timedomain radar antenna was calibrated in laboratory conditions for providing realistic antenna characteristic coefficients. The antenna model was then used to generate synthetic GPR data for media with different electrical properties. In particular, we analysed the effect of the antenna on the topography of objective functions in full-waveform inverse problems as well as on the first arrival amplitude and propagation time that are usually used in straight ray-based GPR data processing. Finally, we analysed to what extent antenna-medium coupling may affect the wave that is transmitted into a medium through the use of an effective source.
NEAR-FIELD RADAR MODEL Antenna equation
An efficient approach for modelling radar antennas in near-field conditions is to consider an equivalent set of infinitesimal electric dipoles (J x,n , n = 1 ••• N) for the source and a set of points (E x,m , m = 1 ••• N) where the field is calculated for the receiver, which is based on the superposition principle (Gentili and Spagnolini 2000; Serhir et al. 2010) . As recently proposed by Lambot and André (2012) for the particular case of wave propagation in layered media, wave propagation between point sources or field points and the reference plane of the radar transmission line can be accounted for by means of complex, frequency-dependent global reflection and transmission coefficients. These characteristic coefficients determine the antenna and transmission line internal transmissions and reflections and thereby antenna-medium interactions. The number of points to transverse magnetic (TM) and transverse electric (TE) global reflection coefficients accounting for all reflections in the layered medium, G is the vertical wavenumber defined as , whilst with magnetic permeability µ, dielectric permittivity e and electrical conductivity s.
Determination of the antenna characteristic coefficients
The antenna characteristic coefficients can be determined by solving the non-linear system of equations (1) in which the quantities S(ω) can be measured and the corresponding Green's functions G(ω) can be calculated for known medium configurations. In this respect, performing measurements in both near-and farfield conditions over a perfect electrical conductor (PEC) is in particular practical and permits unique estimates of the antenna transmission and reflection functions. The inverse calibration procedure is however not straightforward (see Lambot and André 2012 for the detailed procedure).
In this study, we used a time-domain GPR system (model SIR-20, Geophysical Survey Systems, Inc., GSSI, Salem, Massachusetts, USA) equipped with 400 MHz centre frequency transmitting and receiving bowtie antennas. Radar measurements were performed with the antenna situated at 100 different heights h 0 above a copper plane (3x3 m 2 area), assumed as an infinite PEC. The height of the antenna aperture above the copper plane varied from 0 to about 0.76 m, with an increasing height step varying from 0.001-0.178 m. The time range was 50 ns and 512 samples per scan were recorded, with 16 bits per sample. For each measurement height, about 1000 traces were collected and averaged. The raw radar data were transformed into the frequency domain using the fast Fourier transform (FFT). Only data between 60-900 MHz, with the highest signal-to-noise ratio, were considered, resulting in 43 observation frequencies (frequency step of 20 MHz). In addition to the measurements above the copper plane, a measurement was also performed in free space conditions with the antenna held at about 3 m above the ground and directed towards the sky, thereby providing a direct measurement for T 0 (ω). The bowtie antennas were modelled using an equivalent set of 8 point sources and 8 field points, respectively, evenly distributed over the antenna aperture along a single axis. Symmetry of the antenna was assumed, which reduced the number of complex unknowns in the antenna calibration inverse problem. Figure 2 shows the measured and modelled radar data over the copper sheet in the time domain (s(t)). The antenna internal reflections can be clearly observed as well as the copper sheet reflection that appears at larger times for increasing heights (h 0 ). A first-order multiple between the antenna and the copper sheet can also be observed. The measured and modelled data agree remarkably well, with differences in terms of signal amplitude that are less than 5%. The amplitude of the observed errors, as depicted in Fig. 2(c) , does not depend on the antenna height above the PEC and is similar in both the near-and far-field regions. As the structure of these errors closely follows the PEC transmission coefficients are independent of the medium properties and the total medium response enters equation (1) explicitly as Green's functions between each source and receiver point. We refer to Lambot and André (2012) for additional details on this generalized radar antenna model and its validation.
Layered media Green's functions
The Green's functions are defined as the scattered x-directed electric field E x at the field points for unit-strength x-directed electric sources J x , an example of which is shown in Fig. 1 for two bowtie antennas. The Green's functions are derived using a recursive scheme to compute the global reflection coefficients of the layered medium in the spectral domain (Knight and Raiche 1982; Slob and Fokkema 2002; Lambot et al. 2004) . The transformation back to the spatial domain is performed by evaluating numerically a semi-infinite integral, for which a fast procedure is applied (Lambot et al. 2007 ). The spatial-domain Green's function is found to be: (4) where the spectral Green's function is defined as: (5) In this expression, J 0 and J 2 are, respectively, the first kind zeroand second-order Bessel's functions, r and θ are, respectively, the distance and angle in the xy-plane between the source and field points (see Fig. 1 ), subscript 0 refers to the upper half-space (freespace), h 0 is the distance between the source/receiver points and the first medium interface, R TM and R TE are, respectively, the reflection, it may partly result from a slight time shift between the measured and modelled reflections, which may partly be attributed to instrument drift. Figure 3 represents the amplitude and phase of the global transmission coefficients T i, .(ω) as a function of frequency for the incident field relative to the first four point sources corresponding to one half of the transmitter bowtie shown in Fig. 1 . The amplitude shows a relatively smooth, Gaussian-type behaviour with frequency, yet including a drop around 350 MHz. This drop is expected to correspond to a relatively strong antenna internal reflection but it may also result from a calibration error for these frequencies. The phase variation with frequency is nearly linear, indicating that the antenna is not significantly dispersive. The physical meaningfulness of the calibration leading to continuous functions with respect to frequency is partly strengthened by the fact that each frequency constitutes an independent calibration problem. Indeed, this continuity with respect to frequency might not have been observed in case the optimization would have led to local solutions. Finally, it is worth recalling that the antenna characteristic global reflection and transmission coefficients are independent of the medium and hence, the calibration over the PEC is valid for application to any layered media.
Numerical experiments
In order to investigate the effect of the antenna in GPR data analysis, we generated synthetic Green's functions (G) and corresponding radar measurements including the antenna model (S) for wave propagation in a half-space or two-layered medium subject to different permittivities and conductivities that were assumed to be constant with frequency. Hence, the so-called measurements (S) were simulated using the calibration of the actual radar antenna (see above), thereby providing realistic G = G 11 (ω,b) are the vectors containing, respectively, the observed and simulated Green's functions. These vectors are arranged versus frequency. It is worth noting that in practice, the Green's function inversion cannot be performed without an antenna model relating the Green's functions to the raw radar data (S * ). Figure 4 shows response surfaces of the objective function for both S-and G-based optimization problems (following equations (6 and 7)) considering 43 (Fig. 4a,b) and 5 (Fig. 4c,d ) frequencies in the range 60-900 MHz. First, we observe a negative correlation (banana-shaped valley) between the permittivity e r,1 and thickness h 1 of the top layer. This correlation is due to the fact that an infinite number of combinations e r,1 -h 1 can lead to the same propagation time between the two interfaces surrounding the top layer 1. The solution remains however unique thanks to the amplitude information, a thicker layer leading to more attenuation due to spherical divergence and electrical losses (s = 0.01 S/m in this example). The objective function topography is similar for both G and S when considering the 43 frequencies, with a slightly larger valley for G denoting a larger uncertainty in parameter retrieval. For the 5-frequency case, the inverse problem is less well-posed and a second valley appears due to the decreased information content in the radar data. In addition, the G response surface shows a much larger number of local minimum valleys and hence, increased uncertainty in the radar data. The conductivities were related to the permittivities through the Ledieu et al. (1986) and Rhoades et al. (1976) models for realistic values for the soil when subject to a range of water content (0.05 ••• 0.31). Hence, the medium electrical conductivities were different from zero for all scenarios, thereby non-linearly increasing with permittivity. The relative permittivity varied in the range, e r =2…14, while the corresponding conductivity varied in the range s =0.001…0.015 S/m.
Effect of the antenna in full-waveform inverse problems
For this analysis, the model configuration was two-layered with e r,1 = 12, e r,2 = 9, s 1 = 0.012 S/m, s 2 = 0.006 S/m, and h 1 = 0.1 m, where subscripts 1 and 2 denote the first and second layer, respectively. An inverse problem was formulated in terms of least-squares optimization and the corresponding objective functions were plotted. The objective functions were defined as follows, respectively: (6) (7) where b is the parameter vector to be estimated, S * = S * (ω) and S = S(ω,b) are the vectors containing, respectively, the observed (synthetic) and simulated radar data and G * = G * 11
(ω) and retrieval of both quantities for this half-space configuration, thereby bridging the gap between GPR and electromagnetic induction (EMI) sensitivities in this frequency range. In this respect, the parameters e r,1 and s 1 are not significantly correlated. Yet, for the S case, the topography of the objective function contains local minima around the global minimum, which are not present when not accounting for the antenna effects (G case).
Although the antenna dealt with in this example is virtual, this shows the importance of analysing an inverse problem with a correct GPR model. It is in particular relevant to the choice of the optimization strategy (e.g., local versus global), quantification of uncertainty and information content or model sensitivity to the medium parameters.
The surface reflection amplitude
Simplified analyses of GPR waveforms typically based on straight-ray propagation include the estimation of the medium surface permittivity from early-time arrivals or the surface reflection amplitude and corresponding Fresnel reflection coefficient (R) (Chanzy et al. 1996; Pettinelli et al. 2007) . Indeed, the larger the permittivity of a medium, the larger the reflection amplitude is expected to be. This relationship is depicted in Fig. 6 where the reflection amplitude for a half-space medium is shown as a function of permittivity (e r,1 = 2 ••• 14, s 1 = 0.001 ••• 0.015 S/m). The frequency range was 60-900 MHz with a frequency step of 20 MHz (corresponding to the actual antenna calibration). Although such approaches may lead to relatively good results in far-field conditions (Lambot et al. 2006 ), significant errors may be introduced when operating in the near-field and in particular with the antenna in contact with the medium. When derived from Green's functions (G in Fig. 6 ), the behaviour of the reflection amplitude with respect to permittivity slightly deviates from the Fresnel reflection coefficient derived amplitude due to spherical divergence in wave propagation and electrical conductivity effects, i.e., the reflection coefficient is not a Dirac delta function of time as would be the case for 1D lossless propagation. Neglecting these effects may lead to errors larger than 1 in terms of absolute relative permittivity estimation, which corresponds, for instance, roughly to 2% of error in terms of absolute soil parameters and a more complex optimization problem. In these particular examples, the antenna-medium coupling therefore permitted to increase the information content in the radar data through an increased sensitivity of the radar signal to the toplayer medium properties, as shown by the objective function topography, i.e., the global minimum is better defined as a result of the antenna. Figure 5 shows another example of objective function topography assuming in this case a single layer (half-space medium) and a centre frequency of 40 MHz (e r,1 = 12 and s 1 = 0.01 S/m). As transfer functions for this case were not available, we scaled the 400 MHz antenna characteristic coefficients in frequency (virtual antenna). First, we observe a well-defined minimum in the e r,1 -s 1 parameter plane, for both G and S. This highlights the potential for the application of the proposed radar model as this means it can theoretically be used for the simultaneous 
FIGURE 6
Normalized maximum amplitude (peak-to-peak) of a half-space medium surface reflection as a function of the medium permittivity. The amplitude was derived from the Fresnel reflection coefficient (R), the Green's function (G) and the full-model including the antenna effects (S), respectively. the propagation time to a deeper interface and derive the corresponding medium permittivity (or layer thickness when the permittivity is known). Actually, due to the interferences caused by the antenna internal reflections and antenna-medium coupling, the reflections observed in the time domain are distorted and do not exactly correspond to the reflections in the space domain. In addition, for 3D wave propagation, the reflection coefficient is not a Dirac function of time (i.e., the reflection of a Dirac pulse does not lead to a Dirac reflection when representing the radar data in the time domain).
Figure 7(a) shows simulated radar data (S) as a function of different permittivities and corresponding conductivities (see above) for a half-space medium. We clearly observe the nonnegligible effect of permittivity/conductivity on the reflection water content. When including the antenna effects and in particular antenna-medium coupling (see S in Fig. 6 ), the errors become significantly much larger, depending on the contrast between the antenna impedance with respect to the medium properties and antenna distortion effects on the pulse shape. In addition, in this example, we observe that the sensitivity of the surface reflection amplitude with respect to the permittivity is significantly decreased, as a result of the antenna interferences.
The surface reflection time
In common GPR approaches, it is usually assumed that the time at which the surface reflection occurs exactly corresponds to the reflection interface. This time, or the so called time-zero defined from this surface reflection (Yelf 2004) , is then used to calculate In addition to highlighting the importance of accounted for radar antennas in various GPR data processing approaches, we also introduced the promising perspective of applying the proposed radar model to relatively low-frequency antennas (e.g., 40 MHz) for the simultaneous estimation of the medium permittivity and conductivity, through full-wave inversion focused on the antenna-medium coupling reflection.
time, whether in terms of maximum amplitude or beginning reflection detection. Figure 7(b) shows the time at which the first interface reflection occurs, picked up from the maximum amplitude, as a function of the permittivity for both S and G. For the Green's function model G, the reflection time is not constant and presents a variation range of about 0.15 ns (due to spherical divergence and electrical conductivity effects). When accounting for the antenna (S), the variation range reaches about 0.30 ns. Assuming a second interface at 50 cm depth, for instance, with an actual medium relative permittivity of 6, this would result in an error of about 0.5 in terms of absolute permittivity estimation. The error may be larger or smaller, depending on the distances, medium properties and particular antenna.
The effective source model
It is well-known that the GPR wave that is actually transmitted into the ground depends on the medium properties as a result of the antenna-medium coupling. Yet, an effective source W may be defined in the frequency domain as the ratio between the Green's function and the corresponding radar signal as empirical simplification. Figure 8 shows the amplitude of such an effective GPR source W in the frequency domain as a function of the medium permittivity. It can be observed that although the general behaviour of the effective source is similar to the antenna transmission coefficient functions depicted in Fig. 3 , the amplitude may change up to 70%, depending on frequency. Significant phase shifts can also be observed. These results in particular highlight the need for physically-based antenna models in GPR data processing for quantitative characterization of material properties.
CONCLUSIONS AND PERSPECTIVES
We used a novel near-field radar antenna model coupled with layered media Green's functions to investigate the importance of antenna-medium coupling in the analysis of GPR data. The analysis was based on the calibration of an actual commercial 400 MHz time-domain antenna, for which a successful comparison between simulated and measured radar data was obtained. First, we observed that, depending on the layered model configuration and information content in the radar data with respect to the parameters of interest, antenna effects may in some cases significantly change the topography of the objective functions dealt with. It is therefore important to account for the antenna when formulating GPR inverse problems, although such effects are not always significant. Second, we showed that antennamedium coupling has a significant impact on the medium surface reflection, whether in terms of amplitude or propagation time. In this respect, the well-known time-zero that is usually defined from the surface reflection is actually variable, depending on the medium properties. It is worth noting that with the proposed radar model, the time-zero is fixed and corresponds to the radar reference plane. Finally, we illustrated the significant effect of medium properties on an effective source, which defines the actual wave that is transmitted into the medium.
